
Low-Dose Responses to
2,3,7,8-Tetrachlorodibenzo-p-dioxin
in Single Living Human Cells
Measured by Synchrotron Infrared
Spectromicroscopy
H O I - Y I N G N . H O L M A N , * , †

R E G I N E G O T H - G O L D S T E I N , ‡

M I C H A E L C . M A R T I N , §

M A R I O N L . R U S S E L L , ‡ A N D
W A Y N E R . M C K I N N E Y §

Center for Environmental Biotechnology, Environmental
Energy Technologies Division, and Advanced Light Source
Division, Lawrence Berkeley National Laboratory,
1 Cyclotron Road, Berkeley, California 94720

Synchrotron radiation (SR)-based Fourier transform
infrared (FTIR) spectromicroscopy measurements are
presented of HepG2 cells exposed to an environmental
contaminant that is a known ligand for the aryl hydrocarbon
(Ah) receptor. Measurements were made on cells
treated with an Ah receptor-binding model compound 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Compared to untreated
control cells, treated cells displayed unique spectral
changes with TCDD concentrations of 0.01-10.0 nM. Key
spectral changes involved PdO, C-O, and C-H stretching
bands. The first changes are related to the environment of
the phosphate backbone of nucleic acids. The C-H
stretching bands data show a relative increase in the
number of methyl to methylene groups. An excellent
correlation was found between spectral changes and an
increase in CYP1A1 expression measured by the reverse
transcriptase polymerase chain reaction (RT-PCR)
technique demonstrating that the SR-FTIR method is
observing cellular biochemical changes related to this gene
expression pathway. Finally, the potential use of SR-
FTIR spectromicroscopy is discussed as a diagnostic tool
for monitoring cellular exposure and early molecular
responses to environmental pollutants.

Introduction
Exposure to polychlorinated aromatic compounds can lead
to various health effects including cancers, alteration of
hormone levels, and reproductive defects in animals (1-6)
and humans (7-14). Among this family of pollutants, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) is one of the most
potent and most studied “man-made” toxins, causing harmful
effects at exposure levels of hundreds or thousands of times
lower than most chemicals of environmental concern (15).
TCDD acts by binding to the aryl hydrocarbon (Ah) receptor
(16, 17). Binding triggers induction of various genes involved

in xenobiotic metabolism including the cytochrome P4501A1
(CYP1A1) gene (16-20). In the risk management of poly-
chlorinated aromatic compounds, frequently the induction
of cellular responses (such as the induced expression of
CYP1A1) are measured using slot blot, Northern blot, Western
blot (21), or the reverse transcription polymerase chain
reaction (RT-PCR) technique that employs gene-specific
primers (6, 22, 23). This approach involves techniques that
require fairly large numbers of cells, is destructive to the
cells, and requires lengthy sample preparations including
DNA or RNA purification and amplification and/or other
chemical and enzymatic treatments before their final analysis.

An alternative to the above analytical, chemical, and
biochemical techniques is microcopy methods where pro-
cesses in the intact cells or tissues are investigated. These
include electron microscopies (24-26), soft X-ray micro-
scopies (27, 28), optical fluorescence microscopy (29-31),
and its recent extension using multiphoton excitation (32-
40). However, many of these methods are harmful to living
cells, and most require treatments with exogenous dyes,
fluorescent labels, or stains. Synchrotron radiation (SR)-based
Fourier transform infrared (FTIR) spectromicroscopy does
not share the requirement for labels, while the method rapidly
and nondestructively probes individual living cells and
provides, in addition, chemical information from the IR
spectrum (41).

Conventional non-SR-based FTIR spectromicroscopy has
been widely used as a diagnostic tool for characterizing the
composition and structure of cellular components within
intact tissues (42-45) and for measuring tumor tissue
responses to therapy (46). However, the spatial resolution of
traditional FTIR spectromicroscopy is limited to ∼75 µm with
sufficient signal-to-noise (47, 48). SR-FTIR spectromicros-
copy, on the contrary, provides several hundred times higher
brightness at a diffraction-limited spatial resolution of 10
µm or better and is therefore a sensitive analytical technique
capable of providing molecular information on biological
specimens (47-51). In a recent example, Jamin et al. (41)
used SR-FTIR to map the distribution of functional groups
of biomolecules such as proteins, lipids, and nucleic acids
in individual live cells with a spatial resolution of a few
microns. In this study, we use SR-FTIR spectromicroscopy
to measure directly intracellular responses to TCDD.

Experimental Details
The SR-FTIR spectromicroscopy experiments began with
exposing HepG2 cells (derived from a human hepatocellular
carcinoma) to various concentrations of TCDD. A fraction of
the exposed cells were investigated by acquiring SR-FTIR
spectra from individual live cells. The remaining cells were
analyzed for CYP1A1 gene expression, using the RT-PCR
technique. Observed changes in the SR-FTIR spectral
measurements were compared with those from RT-PCR
results.

Cells and Cell Treatment. HepG2 cells were selected for
use in this study as their ability to metabolize polyaromatic
compounds is well-characterized (52). HepG2 cells were
obtained from the American Tissue Culture Collection
(Rockville, MD). They were maintained in Dulbecco’s
minimum essential medium supplemented with 10% fetal
calf serum, nonessential amino acids, 1 mM L-glutamine, 10
mM N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)
(HEPES), and antibiotics. Cells were subcultured every 7 days.
For TCDD experiments, subconfluent cultures were exposed
for 20 h to 10-11, 10-10, and 10-9 M TCDD initially dissolved
in pure dimethyl sulfoxide (DMSO) (Sigma, USA, 99.9% pure).
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For the control experiment, subconfluent cultures remained
in the incubator for 20 h without exposure to TCDD.

At the end of the 20-h treatments, cells were either
harvested for SR-FTIR analysis or lysed using TRI Reagent
(Sigma, USA) for RT-PCR studies. Harvesting cells for SR-
FTIR analysis was done by trypsinizing and washing twice
in ice-cold phosphate-buffered saline (PBS). These cell
suspensions were kept at 4 °C and measured with SR-FTIR
within 24 h. Cells from suspension were pipetted onto a
chilled reflecting gold surface for double-pass transmission
SR-FTIR analysis. This preparation provided round cells with
many separated individuals as shown in Figure 1. Cells with
a diameter of ∼20 µm were visually selected for spectral
analysis to narrow the distribution with respect to cell cycle
(53).

SR-FTIR Spectromicroscopy. The infrared spectromi-
croscopy facility on Beamline 1.4.3 (49) at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory (LBNL),
was used to monitor intracellular changes in response to
TCDD exposure. The infrared microprobe uses a synchrotron
source that has much higher brightness than a conventional
thermal IR source. The synchrotron light is incident into a
Nicolet Magna 760 FTIR bench and then is passed through
a Nic-Plan IR microscope. The spot size of the unmasked
synchrotron beam focused through the infrared microscope
is e10 µm, approximately diffraction-limited, and signifi-
cantly smaller than the ∼100-µm spot size attainable using
a conventional thermal IR source. This leads to an improved
signal-to-noise level and finer spatial resolution than is
possible for FTIR spectromicroscopy with conventional
sources (47-49). Since mid-infrared light is low in energy
and, as such, is nondestructive to biological materials, SR-
FTIR spectromicroscopy is extremely useful in detecting
subtle intracellular changes in live cells as they are exposed
to environmental stimuli.

All SR-FTIR spectra were recorded in the 4000-650-cm-1

infrared region as this mid-IR region contains unique
molecular absorption fingerprints (e.g., 54). Every IR mea-
surement consisted of 128 co-added spectra at a spectral
resolution of 4 cm-1. All spectra were obtained in the double-
pass transmission geometry and ratioed to the spectrum of
a bare gold-coated slide, and absorbance values were
computed. The center of each cell was found to within an
accuracy of ∼(2 µm by acquiring a line-map across each
individual cell and then using the most absorbing, and
therefore the thickest, part of the cell for analysis. Any residual
water vapor features in the resultant spectrum were removed
by subtracting an appropriately scaled reference spectrum
of water vapor. To account for cell to cell thickness variations,

the final spectrum from each cell was normalized with the
protein amide II peak (1548 cm-1). The amide II band has
been used as an internal standard for total cell mass and
shown to follow Beer’s law in studies of biomolecules (55).
Spectra from up to five cells from each dosage treatment
were obtained to ensure reproducibility. These spectra were
then averaged, and any scatter in the spectral results is
presented as error bars in the data analysis. Typically the
spectral features of interest reproduced to within a few
percent.

Semiquantitative RT-PCR. Total RNA was isolated from
cell cultures from each TCDD dosage using TRI Reagent
(Sigma, USA). Total RNA was reverse transcribed using oligo
dT, MMLV reverse transcriptase. CYP1A1 expression was
measured by determining the CYP1A1 transcript level relative
to a constantly expressed internal control gene, the â-actin
gene (56). Primers designed to span an intron were used to
generate PCR products. PCR conditions and cycle numbers
were optimized for each target sequence to ensure that the
reaction was in the linear phase of product accumulation.
After being amplified, the products were separated by
electrophoresis on a polyacrylamide gel. The gel was stained
with SYBR gold fluorescent stain (Molecular Probes, Inc.,
USA) and scanned on a Molecular Dynamics STORM 860
laser scanner. The fluorescent signal for each band was
quantified using ImageQuant software (Molecular Dynamics,
USA).

Results
The overall absorbance spectral features of biological ma-
terials are well-known (41, 42, 45, 57), and cellular SR-FTIR
spectra of this study follow the established pattern. However,
by comparing spectra from cells treated with various amounts
of TCDD to untreated cells, significant spectral differences
were found in the magnitude and, in some cases, the location
of peaks at various wavelengths. The present analysis
concentrates on changes observed in the phosphate band
region (1350-1000 cm-1) and the C-H band region (3050-
2800 cm-1).

Phosphate Bands. Figure 2 shows the IR spectra of
unexposed HepG2 cells (solid line) and of cells exposed to
different concentrations of TCDD in the phosphate band
region. For untreated cells the two phosphate absorption

FIGURE 1. Video-captured photomicrograph acquired through the
infrared microscope of trypsinized HepG2 cells placed on a gold
surface and ready for SR-FTIR analysis. The axes labels are the
position of the microscope x-y stage (in µm).

FIGURE 2. Infrared spectra in the phosphate band region for cells
treated with 0, 10-11, 10-10, and 10-9 M TCDD. Spectra have been
normalized to the protein amide II peak intensity to account for cell
to cell thickness variations. Inset shows the ratio of the 1082-1236
cm-1 peak intensities as a function of TCDD concentration.
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bands (44, 45) at 1236 cm-1 (asymmetric phosphate stretching
mode νas PO2

-) and at 1082 cm-1 (symmetric phosphate
stretching mode νs PO2

-) were approximately equal in
strength. For TCDD-treated HepG2 cells, the νas PO2

- band
decreased somewhat in intensity while the νs PO2

- band
increased by more than a factor of 2 for the highest TCDD
doses studied. There were no detectable frequency shifts of
either phosphate stretching mode for TCDD treatments
studied. As shown in the inset to Figure 2, the intensity ratio
of the νs PO2

- to νas PO2
- peaks increased with TCDD

concentration.
The 1145-1190 cm-1 region showed a small peak that is

associated with a C-O vibration (45). This band seemed to
increase in intensity with increasing TCDD concentration.
This C-O mode was observed to shift in studies of cancerous
colorectal (44) and breast tissues (58).

C-H Bands. Spectral absorptions due to hydrocarbon
vibrations in lipids, proteins, nucleic acids, sugars, and
phosphates among others were found within the 3050-2800-
cm-1 region. Figure 3 displays the SR-FTIR spectra of
unexposed HepG2 cells (solid line) and of cells exposed to
different concentrations of TCDD in the C-H stretch region
normalized to the peak maximum near 2925 cm-1. The band
near 2853 cm-1 is due to the symmetric CH2 stretching mode
of the methylene chains in membrane lipids; the peak at
∼2925 cm-1 is due to the asymmetric CH2 stretch; 2961 cm-1

absorption is due to asymmetric stretching of the CH3 methyl
groups of both lipids and proteins; and the 2871-cm-1 mode
is from the symmetric CH3 stretching mode (44, 57, 59). For
TCDD-treated HepG2 cells, the 2853 peak decreased in
intensity while the 2961- and 2871-cm-1 peaks increased.
This indicates that the ratio of the number of methyl groups
to that of methylene groups increases as the TCDD con-
centration increases. All C-H bands shown in Figure 3 were
observed to stiffen with increased TCDD exposure.

Comparison of SR-FTIR and RT-PCR. RT-PCR was
carried out on extracts from the cell cultures of each TCDD
exposure concentration as described above. Measured values
of CYP1A1 gene expression were normalized to measured
â-actin levels, and finally the relative increase in CYP1A1 as
a function of TCDD was obtained. The above systematic
spectral changes obtained by SR-FTIR spectromicroscopy
were compared with results from the RT-PCR technique.
This comparison was done to determine if the SR-FTIR

spectral changes can be associated with intracellular changes
due to the induction of the CYP1A1 gene. The relative increase
in the ratio of the symmetric to asymmetric phosphate
infrared bands with increasing TCDD concentration was
compared to the relative increase in CYP1A1 induction in
Figure 4. Error bars for the IR data arose from the fact that
we measured at 5 or less cells for each treatment concentra-
tion. The solid line in Figure 4 is a weighted linear regression
fit to the data. The excellent agreement (with r 2 ) 0.96) for
measurements from the two methods indicates that the rapid
SR-FTIR spectromicroscopy technique can measure bio-
chemical changes due to the CYP1A1 expression processes.

Discussion
Several previous infrared studies on normal and diseased
human tissues have observed spectral changes in the
phosphate bands region. A study of sickle red blood cell
membranes (60) showed a splitting and shift in the symmetric
PdO stretch band from 1080 cm-1 in normal cells to 1060
and 1090 cm-1 in sickle cells and a downshift of the
asymmetric phosphate band by 30 cm-1. The authors of that
study hypothesized that this may be due to increased
oxidative stresses in the membranes of sickle cells causing
changes in the packing of the membrane lipids. A colorectal
cancer tissue study (44, 61) and a lung cancer cell study (62)
found that the asymmetric peak softened while the symmetric
peak stiffened in the malignant samples as compared to
normal samples. In addition, they observed a significant
increase in the ratio of the 1082-1236 cm-1 peaks similar to
our observations in the inset of Figure 2.

Generally the asymmetric PO2
- vibration is at 1240 cm-1

when it is non-hydrogen-bonded and 1220 cm-1 when highly
hydrogen-bonded (61). Our data show that this band as well
as the symmetric phosphate band do not shift at any TCDD
dose studied. Therefore, we can conclude that the hydrogen-
bonding environment of the phosphate backbone of nucleic
acids in the HepG2 cells is weak and remains unchanged
throughout the study. This contrasts with the previous
cancerous tissue studies where this hydrogen-bonding is
observed to increase (61, 62).

As noted in the discussion of Figure 3, the relative change
in intensities of the C-H stretching vibrations indicates that
the number of methyl groups is increased as compared to
methylene groups upon exposure to TCDD. The opposite
has been found in colorectal cancer tissue analysis (44, 61).
Other authors have proposed that TCDD removes the
protection from methylation from certain sites when it binds

FIGURE 3. Infrared spectra in the C-H stretching vibration region
for cells treated with 0, 10-11, 10-10, and 10-9 M TCDD. Spectra have
been normalized to the ∼2925 cm-1 peak height.

FIGURE 4. Comparison of results from SR-FTIR analysis of the
phosphate band absorptions and the increase in CYP1A1 expression
as measured by RT-PCR.
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to the Ah receptor (63) or that increased methylation may
downregulate the expression of the CYP1A1 gene (64). Since
methylation is so intimately involved with gene inactivation
(65) and a significant increase in the number of methyl groups
produced after exposure to TCDD was observed, potentially
indicating increased methylation, this could explain the
tremendous toxicity of TCDD in humans and other animals.

The data presented demonstrate the ability of the SR-
FTIR technique to measure clear spectral changes in cells
that have been exposed to low concentrations of TCDD, which
triggers the Ah receptor-mediated pathway. However, this
study was limited in that only a limited number of cells per
data point of a single cell type were measured. Even with this
small sampling we are confident that using SR-FTIR to
observe subtle changes in individual cells will provide new
understanding. Future studies will investigate changes in
many different types of cells as well as cellular biochemical
processes resulting from a variety of agents. While the infrared
spectra of whole cells are quite complex and it is extremely
difficult to assign the changes observed to specific molecular
events, the use of cell lines that are defective in a single process
or pathway may allow specific mechanisms to be identified
in the spectra and studied comprehensively. Once a better
understanding of how to interpret IR spectral changes is
accomplished, infrared spectromicroscopy may be developed
into a rapid and inexpensive diagnostic tool for medical
screening applications. The single cell nature of this technique
may allow identification of a small number of viable cells in
a population that are different from the others, potentially
opening new areas of environmental health and biomedical
research.
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